In situ attenuated total reflectance Fourier transform infrared spectroscopy is used to monitor the chemical evolution of the mesoporous silica SBA-15 from hydrolysis of the silica precursor to final silica condensation after the particle formation. Two silica precursors, tetraethyl orthosilicate (TEOS) or sodium metasilicate (SMS) were used, and the effects of additive (heptane and NH 4 F) concentrations were studied. Five formation stages are identified when TEOS is used as the precursor. The fourth stage correlates with the appearance and evolution of diffraction peaks recorded using in situ small angle x-ray diffraction. Details of the formed silica matrix are observed, e.g. the ratio between six-fold cyclic silica rings and linear bonding increases with the NH 4 F concentration. The TEOS hydrolysis time is independent of the NH 4 F concentration for small amounts of heptane, but is affected by the size of the emulsion droplets when the heptane amount increases. Polymerization and condensation rates of both silica precursors are affected by the salt concentration. Materials synthesized using SMS form significantly faster compared to TEOS-materials due to the pre-hydrolysis of the precursor.
Introduction
Mesoporous materials are today used in several applications, e.g. drug delivery, 1 sensing, 2 and catalysis. 3 To optimize the materials performance, it is necessary to tune the materials characteristics. Mesoporous silica of SBA-15 type, 4 has with its flexible pore size and controllable morphology been a popular choice for these purposes. However, information regarding the material formation is crucial for controlling the material characteristics, e.g. intrawall porosity, 5 surface silanol content, 6 and for growth of mesoporous films on substrates. 7 The SBA-15 is synthesized through a sol-gel process, where a silica precursor is added to an acidic micellar solution. The silica walls are formed around the micelles followed by hydrothermal treatment at elevated temperatures, and finally, the surfactants are removed by calcination or chemical extraction to yield the mesoporous material. 4 The formation can be described by three, sometimes overlapping, periods: the micellar period, the micellar-to-structured material period, and the particle development period. 8 Even though several different analysis techniques have been applied, such as x-ray and neutron scattering, 9-11 nuclear magnetic resonance (NMR), [12] [13] electron paramagnetic resonance spectroscopy (EPR), 14 and cryo transmission electron microscopy, 13, 15 there is no consensus on how SBA-15 is formed. The discrepancy is mainly in the second period, regarding how the micelles interact with each other to form the ordered material. One proposed mechanism is where spherical micelles are elongated to non-interacting, cylindrical, silicated micelles, followed by aggregation to larger domains with hexagonal packing. [15] [16] [17] Another study suggests that the spherical micelles aggregate into flocs of spherical micelles and that these form cylindrical micelles that rearrange into the hexagonal structure. 18 However, the synthesis conditions have varied for the different studies, for example which surfactant and silica precursor that were used, reaction temperature etc. A correlation between the synthesis conditions and micellar evolution is also lacking. Attenuated total reflectance Fourier transform infrared (ATR-FTIR, from here on simple recalled as ATR) spectroscopy has previously been overlooked, as an in situ technique to study the formation of mesoporous silica, due to large water representation, 19 and instead Raman spectroscopy has been favored. However, using ATR enables observation of the silica evolution also after the formation of particle aggregates, which is something not possible with Raman spectroscopy. 19, 11 Tejedor-Tejedor et al. 20 showed that ATR is suitable for monitoring the hydrolysis of TEOS, and it has also been used to study the formation of mesoporous films in dip coating. [21] [22] [23] To our knowledge, the presented study is the first to follow the formation of mesoporous particles using in situ ATR.
Low temperature syntheses have been shown to favor large pore SBA-15, and fluoride ions to control the particle morphology, where the particles becomes more narrow when the F -concentration increases. [24] [25] [26] [27] To enable the formation of ordered materials, swelling agents such as alkanes 24, 28 or TIPB 26 have been used. Furthermore, it has been shown that F -ions affect the formation rate of mesoporous silica, even though the formation path is unclear. 24 Manet et al. 29 showed by small angle x-ray scattering (SAXS) that P123 micelles at 20 °C are spherical, also in the presence of TMB as a swelling agent, but how the structure evolves to form SBA-15 remains to be illuminated.
An alternative to use orthosilicates as silica precursor is the cheaper sodium metasilicate (SMS). [30] [31] Materials synthesized with SMS exhibit a smaller mesopore size and thicker silica walls compared to when TEOS is used as the precursor. 30 This indicates a different (unknown) interaction with the micelles. However, the formation of mesoporous silica synthesized with SMS has not been studied in situ previously.
In the presented study, the formation of mesoporous silica at 20 °C and the effect of additives, NH 4 F and heptane, as well as silica precursor, TEOS and SMS, are investigated using in situ ATR and in situ small angle x-ray diffraction (SAXRD). The ATR provides chemical data during the entire formation process, from addition of the silica precursor to the final condensation in the formed particles. The detailed information about the species present has not been provided by other characterization methods previously and resolves the effect of each reagent. Information regarding the formation kinetics is also obtained. By using the same set up, just exchanging the analysis cell, studies using different techniques during the exact same synthetic conditions are enabled. Hence, it is possible to combine the structural information from SAXRD with chemical information from ATR to understand the formation path of mesoporous silica. The evolution of the silica species and the aggregation of micelles were studied using in situ ATR. For the materials synthesized with TEOS, the initial minutes after the addition of the silica precursor (t = 0) are used to hydrolyze TEOS to form silicic acid and ethanol, c.f. Eq. 1.
Materials and methods

Synthesis
(
The assignments of bands corresponding to TEOS and ethanol are presented in Table 1 , and the ATR spectra of pure references are available in Supporting information S1. Hydrolyses of TEOS in synthesis solutions containing various NH 4 F and heptane concentrations are presented in Figure 2 . Figure 2 (a) shows spectra from a synthesis solution at t = 0 5 min, representative for the initial evolution of all TEOS samples. To follow the hydrolysis of TEOS, the evolution of unique ethanol bands at 880 have the same hydrolysis rate, where the band evolution is terminated at 2.5 min, followed by static water and ethanol peaks, indicating that the hydrolysis of TEOS is completed, which corresponds well with the results from Manet et al.
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. The time to complete the hydrolysis is independent of the NH 4 F concentration when low heptane amounts are used. When a heptane to P123 molar ratio of 280 is used, the hydrolysis is completed after 4.5 min for TEOS_280H_0.4F, and 2.8 min for TEOS_280H_1.8F.
The broad peak at 1130 cm -1 (silica) continues to increase even after hydrolysis completion due to the formation of a silica network.
The peak at ~950 cm -1 (Figure 2 (a)) shifts, in the first 5 min, from 940 cm -1 to 958 cm -1 . The peak is initially attributed to monomeric silicic acid as the product of TEOS hydrolysis, but as the condensation of the silica network is initiated, these monomers will bond and form three-dimensional SiO 2 with silanol vibrations at 970 cm -1 .
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Formation of the silica network
After the first 2.5 min, the hydrolysis of TEOS is completed and free silicic acid is available to form the silica network. This evolution was monitored with ATR, and the peak evolution for TEOS_16H_0.0F is presented in Figure 3 . This material was chosen for representation since it forms slowly, which allow for fine details to be observed. min. Simultaneously, growth is seen for the bands at 980 cm -1 , 1044 cm -1 , and ~1180 cm -1 , corresponding to silanols, chain/sheet silica, and Si-O-Si asymmetric stretching, respectively (Table 2 ).
This shows that during the first 20 minutes after the TEOS hydrolysis, the only activity in the synthesis solution is the formation of silica clusters. After 20 min, a broad shoulder appears at ~1080 cm -1 , revealing the formation a three-dimensional, cyclic silica network. To resolve the following step in the reaction, the spectrum of the t = 30 min is used as background and subtracted in the spectra shown in Fig. 3 , and 1458 cm -1 . These peaks are all related to CH 2 vibrations in the PPO part of the micelle, see Table 1 . 32 To observe the rapid band growth in more detail, the t = 50 min spectrum was subtracted to the spectra shown in Figure 3 (c).
This figure shows that rapid silica growth occurs for all silica related bands, with a preferential growth of linear structures (1147 cm -1 ). The growth of PPO related bands follows the evolution of silica. The final stage of the material formation, i.e. the final condensation, is presented in Figure 3 continue to grow. These can be attributed to the six-fold and linear asymmetric Si-O-Si stretches, see Table 2 . The growth of these bands is the last change seen by ATR. Figure 5 (b) ). Naturally, there is no hydrolysis step for the SMS, since the precursor is already added in a hydrolyzed state. Polymerization has also occurred to a large extent prior to the addition to the micellar solution, see Figure 4 , which explains why this stage is not observed for the SMS materials.
The squares in Figure 5 correspond to the appearance of the first Bragg peak from the SAXRD measurements. From this it is clear that stage (iv) is correlated to the formation of an ordered hexagonal phase of the material. We noted, similar to Baccile et al.
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, that the synthesis solution turned milky white at the same time as the appearance of the first Bragg peak. Therefore, we have assigned the formation of hexagonal structure for SMS_16H_1.8F to 1 min, even though the first available data point is recorded later. Figure 6 shows the correlation between the formation stages determined by ATR and the evolution of the 100 Bragg peak from the hexagonally ordered micelles using in situ SAXRD. The 100 peak appears a few minutes into the silica densification stage (iv). The 100 peak shifts rapidly towards larger angles (smaller d-spacing), indicating shrinkage of the hexagonal structure upon silica condensation.
Formation of the hexagonal phase
Simultaneously, the peak intensity increases, verifying that the amount of the hexagonal phase increases. For the materials synthesized with TEOS as the silica precursor ( Figure 6 (a) , (c), and (e)), the formation of the hexagonal structure mainly occurs during the silica densification stage, where the 100 peak reaches ~80 % of its final intensity. Also, the most distinct shrinkage of the unit cell occurs during stage (iv). This is followed by a slower unit cell shrinkage during stage (v), even after that the peak has reached its maximum intensity. Materials synthesized with SMS ( Figure 6 
The silica structure as function of NH 4 F concentration
The final ATR spectrum of each material is presented in Figure 7 . It is apparent that when TEOS is used as silica precursor, the maximum peak intensity is shifted from 1134 cm -1 to 1083 cm -1 as the NH 4 F concentration is increased (Figure 7 (a) and (c)). This shift occurs independently of the heptane amount. Considering the different silica species possible, this indicate that the materials synthesized with a higher NH 4 F concentration contains more of the cyclic silica species compared to the materials synthesized with no or low salt amounts, see Table 2 , which is also confirmed in Figure 8 . The trend is not as visible for materials synthesized with SMS as silica precursor (Figure 7 (b) ). A slight broaden-ing can be observed when NH 4 F is introduced, but the maximum band intensity is located at a constant wavenumber (1113 cm -1 ). The wavenumber shifts for all materials are presented in Figure 7 (d). The effect of NH 4 F on the silica structure during the silica formation is shown in Figure 8 . Figure 8 When no NH 4 F is used (Figure 3 (d) ), the strongest band is related to linear structures, while for NH 4 F/P123 = 0.9 ( Figure 8 (c) ) the six-fold cyclic structure is stronger, and finally it is the dominating phase for NH 4 F/P123 = 1.8. It can also be noted that the band at 960 cm -1 decreases with increasing salt content. This indicates that the number of silanols is very much less after the particle formation for the materials with high NH 4 F concentration. 
Discussion
The formation stages
From the results presented in Figure 3 , there are five stages in the material synthesis when TEOS is used as the silica precursor. During the first two stages, there is no apparent interaction between the silica species and the micelles. Silica oligomers enters the corona and polymerize to small silica clusters without indications of affecting the micelle structure. Sundblom et al. 33 showed that the micellesilica interaction mainly is enthalpy driven, and that a certain size of the silica species is required for the interaction to occur. This is the reason for the much faster material evolution when SMS is used as the silica precursor. As can be seen in Figure 4 (a), silica clusters are already formed before the precursor is added to the micellar solution. These species are large enough to interact with the micelles, which initiates the micelle elongation and formation of the hexagonal network.
In stage (iii), the silica clusters start to interact with each other and form a network in the micellar corona. At this stage a large variety of silica species are formed. In the end of stage (iii) PPO related bands start to grow. This is due to changes in the hydration of the PPO core of the micelles. Su et al. 32 showed that the bands at 1374 cm -1 and 1344 cm -1 are very weak for low concentrations of pluronic P104 in aqueous solution, but increase for higher surfactant concentrations. They concluded therefore that the PPO is not hydrated at high surfactant concentrations. This indicates that the water in the corona is expelled when the silica network is formed, which enable methyl group vibrations in the PPO core. These findings correlate well with the EPR study from Ruthstein et al. 14 who observed a depletion of water in the corona region upon the condensation of the silica network. Flodström et al. 13 followed the material formation using NMR and observed a broadening in the PO signal upon the micellar elongation from spheres to cylinders. This indicates that it is possible to monitor the micelle shape evolution by observing the PPO related bands in the ATR spectra.
In stage (iv), the rapid growth of silica related bands in combination with the PPO related bands display condensation of silica in the micelle corona. The appearance of Bragg peaks at this stage also shows that elongated micelles aggregate and form the hexagonal structure at this stage. A material with long-range order is needed for diffraction to occur. To achieve long range order, several micelles need to aggregate to form the hexagonal structure. This takes time and causes a delay before Bragg peaks are observed. Stage (iv) proceeds faster for SMS synthesized materials. It is completed in less than 10 min compared to 15-35 min for TEOS materials. This time difference indicates that for TEOS materials, formation of the hexagonal framework is more successive and occurs alongside with micelle elongation due to the continued growth of silica species in the corona, i.e. micelle aggregation is ac-companied by condensation of silica walls around each micelle. In the case of SMS, the silica clusters in the corona are initially large, and therefore the main silica condensation is between these large clusters to form the silica walls. The aggregation of micelles needs further time and therefore the intensity of the Bragg peak is growing also in stage (v). The evidence of large silica clusters in the corona already at the beginning of the condensation can explain the thicker silica walls in materials synthesized with SMS.
The final stage is the last silica condensation, where additional silica bonds are formed as the walls between the aggregated micelles densify. At this stage the silica walls surrounding the micelles are mainly formed, and the silicated micelles bind stronger together.
Effect of NH 4 F on the formation kinetics and silica structure
From Figure 8 , it is clear that NH 4 F affects which silica species that are formed, especially for TEOS materials. When a higher concentration of NH 4 F is added, more six-fold cyclic silica species are formed, and the amount of linear structure decreases. This is especially obvious comparing the band intensities in Figure 3 silicone. Silicone with a higher coordination number is also more reactive and will polymerize faster compared to four-fold silica species. 34 The rate change in polymerization is clearly observed in Figure   5 , where all stages, except stage (i), become faster in the presence of high NH 4 F concentrations. The time needed for the formation of the hexagonal framework is in good agreement with previous results
where SBA-15 rods were formed within 7 min after the addition of TEOS at a NH 4 F/P123 molar ratio of 1.83, 7 and that only minor changes at the mesoscopic range occurred after 30 min. 35 The fast polymerization can also be the reason for the difference in particle morphology, where a high NH 4 F concentration yields more narrow particles. [24] [25] 35 The micelles attach through condensation of silanol groups, and as can be seen in Figure 7 and Figure 8 , the number of uncondensed silica species, silanols and Si-O -at ~960 cm -1 decreases with increasing salt concentration. Figure 7 also shows that NH 4 F affects the final structure less for SMS materials. The reason for this is again the pre-hydrolysis of the silica precursor, which is made in a HCl solution without NH 4 F additions. Therefore, the added silica clusters will have the same structure, and only the surface of these can be affected by the fluoride ions. The NH 4 F still affects the coordination number on the surface silica, which affects the formation rate of the materials ( Figure 5 (b) ).
The TEOS hydrolysis rate
When the TEOS/heptane mixture is added to the micellar solution, an oil-in-water emulsion is formed.
The TEOS hydrolysis occurs at the TEOS/water interface, 11 and therefore the amount of heptane and NH 4 F affect the hydrolysis rate. When heptane/P123 = 16, the heptane is solvated in the TEOS, and the droplet size is equal independent of NH 4 F, due to the low oil concentration. When larger amounts of heptane are used, the TEOS is solvated in the heptane and hydrolyses when it reaches the emulsion droplet surface. When the NH 4 F concentration increases, the ionic strength of the solution increases, leading to smaller oil droplets. The emulsion with smaller droplets has a higher surface area causing a higher hydrolysis rate.
Conclusions
We have studied the formation of mesoporous silica at various synthesis compositions using in situ ATR and SAXRD. Five stages in the material formation were identified: TEOS hydrolysis, silica polymerization, siliceous network formation, silica densification, and continued condensation. The fourth stage could be correlated with hexagonal ordering of the micelles. When SMS was used as the silica precursor, the two first stages were not observed due to the pre-hydrolysis of the SMS resulting in that small silica clusters was formed prior to the addition into the micellar solution. A specific size of the silica clusters in the micelle corona is required for the micelle elongation, and hence, materials synthesized from SMS form faster compared to TEOS materials. In the end of stage three, bands related to PPO vibrations in the micellar core start to grow, indicating elongation of the micelles from spheres to cylinders. NH 4 F affects both the formation kinetics and silica structure due to its ability to change the coordination number of silicone, yielding more six-fold, more reactive, cyclic silica species. The TEOS hydrolysis rate is affected by the amount of heptane and NH 4 F due to alterations in the oil droplet size.
The study demonstrates that in situ ATR is a powerful tool for monitoring the formation of mesoporous silica, both in terms of formation kinetics and elucidating details in the silica network. Previously, this technique has been neglected due to the strong water contribution. 8, 19 This is the first time that details of the chemical structure of the silica species during the material formation can be observed.
The study provides detailed insights into the formation of mesoporous silica and can be used for future fine tuning of the materials characteristics. We envision that the presented method can be used to study doping mechanisms in the silica framework, as well as the formation of other sol-gel synthesized materials.
-Mundus program DocMASE, and Nanolith Sverige AB for financial support. Parts of this research were carried out at the light source PETRA III at DESY.
Supporting Material
Reference ATR spectra of P123, ethanol and TEOS, as well as SEM micrographs and physisorption data for selected mesoporous materials are provided. 
